Herbivores can have strong deleterious effects on vital rates (growth, reproduction, and 27 survival) and thus negatively impact the population dynamics of plant species. In practice, 28 however, these effects might be strongly correlated, for example as a result of trade-offs 29 between vital rates. To get better insights into the effects of herbivory on the population 30 dynamics of the long-lived grassland plant Primula veris population projection matrices were 31 constructed from demographic data collected between 1999 and 2008 (nine annual 32 transitions). Data were collected in two large grassland populations, each of which was 33 subjected to two treatments (grazing by cattle vs. a mowing treatment), yielding a total of 36 34
conditions favouring adult survival also are beneficial for seedling establishment. Overall, our 1 results show that herbivory had a strong negative effect on the long-term population growthIntroduction 10 11
The precise factors that determine the population dynamics and long-term population growth 12 rate of plant species subject to grazing are diverse, complex and often interdependent. In 13 general, the impact of grazing animals on plant population dynamics varies depending on the 14 plant species that is grazed and on the animal species that consumes the plant (Maron and  15 Crone 2006). Grassland plants are particularly prone to the negative effects of consumers, 16 whereas forest herbs are less affected (Maron and Crone 2006) . On the other hand, the impact 17 of grazers is not dependent on life-history traits such as reproductive mode or longevity 18 (Maron and Crone 2006 , but see Hayes and Holl 2003) . 19 In practice for natural populations, it is difficult to untangle the direct consumptive 20 effects of herbivores from indirect effects, as they often appear to be interrelated (Crawley 21 1983 , McNaughton 1983 . Given that correlations between vital rates may have a strong plant population dynamics has proved challenging (Doak 1992 , Obeso 2002 ). Due to their 36 short duration, most studies also largely ignore the fact that demographic rates may vary over 37 time. The abundance of grazers and grazing intensity, and the timing of grazing may vary 38 substantially from one year to the next, which in turn may lead to strong variation in vital 39 rates between years (Crawley 1983, Buckley et al. 2010) and therefore contribute negatively 40 to the long term growth rate of grazed populations (Cohen 1979) . Moreover, differences in 41 environmental conditions between years may also directly impact population dynamics and 42 these impacts may be mediated by grazing (Bastrenta et al. 1995) . 43 In this case, classic life table response experiments (LTREs) using deterministic 44
estimates of the population growth rate, such as the dominant eigenvalue of the mean 45 projection matrix (λ 0 ) or the intrinsic growth rate (r = log λ 0 ), may fail to accurately assess the 46 effect of herbivores on the long-term growth rate (Cohen 1977, Tuljapurkar and Orzack 47 1980) . Instead, the stochastic growth rate, table response experiments for  1 stochastic population growth allow us to assess the various demographic and environmental 2 factors that contribute most to variation in the stochastic growth rate (Caswell 2010, Davison 3 et al. 2010 Davison 3 et al. , 2011 ). 4 In this study, we investigated the impact of herbivory on the population dynamics of 5 the long-lived perennial grassland plant Primula veris. In a previous study, Brys et al. (2011)  6 showed that herbivory by grazing animals (cattle) had a strong impact on the size of 7 individuals of this species and that belowground biomass of grazed plants was about 20% 8 smaller than that of plants in the same population that were exposed to mowing. The number 9 of leaves and the size of leaves were significantly smaller in grazed plants than among plants 10 in mown plots. Reduced numbers of leaves and smaller leaf areas affect survival probabilities, 11
and may also impact future flowering behaviour, as the amount of carbohydrates that can be 12 relocated to belowground storage organs decreases with leaf area, possibly leading to resource 13 depletion and reduced performance in the next year. Short-term experiments in which a 14 proportion of the leaves was removed at different times in the growing season have indeed 15 shown that removal of 50% of the leaves during flowering (early defoliation) negatively 16 affected current reproductive performance (fruit set and total seed production) and future 17 growth, whereas middle defoliation (removal of 50% of the leaves during fruit development) 18 only reduced future flowering probability and growth, and late defoliation (removal of 50% of 19 the leaves during fruit maturation) did not affect any fitness component (García and Ehrlén 20 2002 48 randomly selected in the plots, and for each selected plant the number of flowers was counted. 49
To assess seed set, three mature fruits were harvested from each selected plant and in each 50 fruit the number of seeds was counted. For each year and treatment, the average number of 1 flowers and average seed set were used in all subsequent analyses. 2 3
Data analysis 4 5
For each year, site and treatment we constructed population projection matrices, resulting in a 6 total of 36 matrices (see Appendix S1) describing annual population projections (Caswell 7 2001). In these projections, n t is the number of individuals in each stage class at time t and A 8 is the population projection matrix (A={a ij }). Matrix elements a ij describe the annual per-9 capita contribution of stage i individuals made by stage j individuals and (n t+1 = An t ) describes 10 the population projection: 11
Here, L is the number of seedlings, J the number of juveniles, V the number of vegetative 13 plants and F the number of flowering plants in a given year. Because matrix elements are 14 compounds of different vital rates, demographic comparisons among populations were made 15 using vital rates rather than matrix elements and matrix elements were explicitly written as 16
functions Based on these matrices, we calculated the long-term stochastic growth rate (a = log 22 λ S ) in two ways for each site and treatment: 1) by simulation (of 100,000 years, discarding the 23 first 2,000 years to exclude initial transient dynamics) and 2) by using the small noise 24 approximation (Tuljapurkar 1990). In the latter case, the stochastic growth rate can be written 25 as the deterministic growth rate minus a product containing vital rate elasticities (e), The second term in (2) describes the stochastic component of the population growth rate and 30
shows depreciation of the deterministic growth rate by each of the different terms. 31
We applied vital rate LTRE analysis using the small noise approximation of the 32 stochastic growth rate (Davison et al. 2011 ) to study the impact of herbivory on the overall 33 population growth rate and to assess contributions of mean vital rates, variance in vital rates 34 and correlations between vital rates to differences in the stochastic growth rate. For these 35
analyses we used vital rates averaged over the two sites for each treatment-year combination. 36 Following Davison et al. (2011) , the difference in stochastic growth rates (Δa) between the 37 mowing and grazing treatment can be written as a difference of a sum of products: 38
a a a r r e e c c e e c c ρ ρ
Using the Kitagawa decomposition (Kitagawa 1955), Davison et al. (2011) showed that this 40 difference can be approximated by the summation of four components: 41 1) contributions of differences in vital rate means: Small-noise approximations were close to the simulated stochastic growth rates (a simulated = 39 0.0187, a SNA = 0.0234 for grazed plots; a simulated = 0.1018, a SNA = 0.1069 for mown plots, 40 respectively). Overall, LTRE decomposition using the SNA approximation also fitted the 41 difference in stochastic growth rates well: the difference between the simulated Δa = a (g) -42 a (m) and the SNA-LTRE sum was only 0.55% (Fig. 1) . Decomposition of the stochastic 43 growth rates of grazed vs. mown populations showed that differences were mainly due to 44 mean vital rates. However, contributions of stochastic component were important, since their 45 exclusion worsens model fit more than tenfold to a 5.79% difference (Fig. 1) . The largest 1 stochastic contributions were made by differences in correlations between vital rates in grazed 2 vs. mown populations and by differences in variability of vital rates (Fig. 1) . Contributions of 3 differences in elasticities, on the other hand, were smaller ( Fig. 1 ). 4 The contributions of means showed that vital rates related to fecundity made by far the 5 largest contributions (Fig. 2) . There was a large positive effect of higher seedling 6 establishment in grazed sites, but this was outweighed by the pronounced negative 7 contribution of lower flower and seed production in grazed sites. Furthermore, the lower 8 probability of a vegetative plant flowering and of a flowering plant remaining in flower made 9 a substantial negative contribution among grazed sites. Interestingly, in grazed plots higher 10 seedling and juvenile survival had a positive, albeit small contribution to differences in 11 stochastic population growth rates, whereas lower survival of non-flowering adults had a 12 negative effect (Fig. 2) . Finally, differences in growth of seedlings and juveniles made no 13 noticeable contribution. 14 The stochastic components contributing most to the difference in stochastic population 15 growth rates of grazed vs. mown populations were the correlations among vital rates and 16 variability of vital rates. In particular, variability in vegetative adult survival had a strong 17 negative contribution to differences in stochastic population growth rates in grazed compared 18 to mown populations. Similarly, the correlation between survival of non-flowering adults (σ V ) 19 and seedling establishment (ε) had a large negative effect on Δa. This correlation was 20 negative (ρ = -0.57) in mown plots, but positive (ρ = 0.52) in grazed plots (Fig.3) . The strong 21 contribution was partly because of the large Δρ, partly because σ V had the largest mean 22 elasticity value ( e = 0.497), and partly because ε had an above-average CV ( c = 0.509). 23
Grazed populations also suffered lower growth rates due to negative contributions of 24 differences in the correlations between the survival of juveniles and non-flowering adults (σ J 25 and σ V ) as well as between adult flowering probabilities (φ V and φ F ) and seed set (π) 26
(contributions are listed in order of decreasing impact: σ V -ε, σ F -ε, σ J -σ V , σ J -φ V , φ F -π and φ V -27 π). However, 76% of the total (-0.0064) negative impact of grazing that was due to higher 28 correlation coefficients was buffered by the combined positive effect (+0.0049) of lower 29 correlation coefficients in the grazed plots (Fig. 1 we showed that differences in the long-term stochastic growth rate of grazed and mown 47 populations were mainly due to differences in mean vital rates and to a lesser extent to 48 differences in correlations between vital rates and variability in vital rates. Our results also 49
showed that local selection pressures, as encapsulated in the between-treatment differences in 50 vital rate elasticity values (Benton and Grant 1996), did not contribute substantially to the 1 difference in the stochastic growth rate, suggesting that grazing does not lead to divergent 2 selection pressures imposed on this species.
The impact of grazing on population demography 5 6
Previous analysis clearly demonstrated that grazing significantly reduced the size of P. veris 7 individuals (Brys et al. 2011), which was also associated with pronounced reductions in 8 flower and seed production. Plants in grazed conditions had about half of the flowers of plants 9 in mown conditions, and produced on average only a third of the number of seeds. Mean total 10 seed production can therefore be considered six times smaller in grazed conditions than in 11 mown conditions. Our LTRE analysis showed that lower flower and seed production had a 12 pronounced negative impact on the population growth rates of grazed vs. mown sites. Similar 13 results have been reported for the long-lived woodland orchid Orchis purpurea, in which 14 differences in flower and seed production caused by different light environments also had a 15 strong effect on population growth rates (Jacquemyn et al. 2010a ). 16
The LTRE analysis further showed that the effects of low flower and seed production 17 were largely counterbalanced by higher seedling establishment success in grazed plots, and 18 that this buffering reduced the difference in stochastic population growth rates between 19 grazed and mown plots. Although there were fewer recruits per m² in grazed than in mown 20 plots, establishment on a per-seed basis was higher when sites were grazed. Ehrlén (2005), for example, showed that 57% more seedlings were produced from heavier 36 seeds (average seed mass = 1.24 mg) than from lighter ones (average seed mass = 0.73 mg). 37
Although we did not measure the weight of the seeds, it is reasonable to assume that, due to 38 seed number/seed size trade-offs, seeds in grazed sites are heavier than those from mown 39 sites, and that this may contribute to the higher establishment success of seeds in grazed 40 conditions. 41 42
Correlations and trade-offs 43 44
Although differences in mean vital rates contributed by far the most to the difference between 45 stochastic growth rates of grazed and mown plots, the SNA-LTRE revealed interesting and 46 important effects due to vital rate correlations as well. By considering differences in both 47 deterministic and stochastic parameters, this recently developed technique can unravel such 48 otherwise obscure effects of covariation among demographic rates. Though the stochastic 49 effects of grazing were small, their inclusion did improve the model fit of the SNA-LTRE 50 almost ten-fold, suggesting that it includes additional factors that are significant to population 1 dynamics. 2
As we found with mean vital rates, we found strong buffering at the level of the vital 3 rate correlations. The lower stochastic growth rates of grazed populations, for instance, were 4 buffered by negative vital rate correlations that were strongly positive in mown sites. 5
However, correlation differences that lowered the stochastic growth rate in grazed plots had a 6 larger impact, mostly due to the positive correlation between adult survival and seedling 7 establishment in grazed plots that was negative under mowing. Especially important 8 contributions were made by differences in two temporal correlations. First, the correlation 9 between φ F and ε was positive in mown sites, but negative in grazed sites, suggesting that 10 differences in the drivers or cues for flowering and seedling establishment buffered grazed 11 population growth rates. Second, σ J -σ L and σ V -π correlations were positive in mown sites, but 12 close to zero in grazed sites, suggesting that grazed populations experienced a considerable 13 buffering effect due to absence of positive correlations of the mortality risks of seedlings and 14 juveniles, as well as due to the absence of synchrony between seed set and adult survival 15
(while these vital rates were positively correlated in mown sites The SNA-decomposition of differences in stochastic growth rates allowed us to discern the 3 impact of deterministic and stochastic factors on the long-term population growth rate in both 4 grazed and mown sites of the perennial grassland herb P. veris. At the same time, this 5 decomposition also allowed us to identify the vital rates that contributed most to differences 6 in population growth rate and provided insights into contributions of correlations between 7 vital rates. We have clearly demonstrated that grazing had a strong impact on population 8 dynamics and that this effect was primarily due to changes in mean vital rates and to a lesser 9 extent to differences in the variance-covariance structure between grazed and mown sites. 10 Reductions in flower and seed production and lower flowering probabilities were the most 11 important vital rates explaining the lower growth rates in grazed sites, whereas these effects 12 were partly buffered by increased germination probabilities. Appendix C. SNA-LTRE analysis of the difference in stochastic population growth rate between site 2 and site 1. 
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